The length and energy of bonds in the complex anions of silicon formed in KF−KCl−K 2 SiF 6 and KF−KCl−K 2 SiF 6 -SiO 2 melts were evaluated using the method of first-principles molecular dynamics, accomplished by means of the Siesta program. The effect of K + (from the second coordination sphere) on the stability of these complexes was studied. The bond lengths in the silicon complexes was found to change with increasing amount of the potassium ions. Within the studied temperature mode, the Si-F bond length is in the range 1.5--1.9 Å and the Si-O bond lengths is 1.5-1.7 Å. The obtained results are in a good agreement with in situ data of Raman spectroscopy for the KF−KCl−K 2 SiF 6 and KF-KCl-K 2 SiF 6 -SiO 2 melts.
INTRODUCTION
Nowadays, molten salts are used as electrolytes for a significant number of industrial electrochemical processes intended for metals production. Moreover, molten salts are of great importance for the development of nuclear energy 1 and the reprocessing of spent nuclear fuel. 2 They can be employed for the production of materials for chemical current sources and solar power. 3 An important direction of chemical research in the field of solvents based on molten salts is the study 1130 VOROB'EV et al.
of the structure of groups of complexes. The physicochemical properties of molten salts, their morphological structure, and the chemical composition of electrode products largely depend on the composition, structure, and concentration of the complex groups. 4 Studying the electrode processes, especially in cases of the presence of a redox couple, 5, 6 the interpretation of polarization data depends on the identification of the complex groups. The information regarding the structure of melts allows an understanding of the mechanisms of physicochemical processes during interaction of the substances with the molten salts. Knowledge of the structure and stability of the complexes is necessary in order to express the overall reactions in the electrochemical cell, as well as to determine the mechanisms of the electrode reactions.
Molten salts are aggressive media. Their use requires a careful selection of the construction materials. Molten salts containing compounds of metals can interact with the moisture and oxygen of ambient air. This interaction can lead to a change in the composition and structure of the complexes, and to alteration in the physicochemical properties of the molten media. An atmosphere of inert gases is required in order to use hygroscopic melts. The specific properties of the media necessitate the development of model approaches for their study. The experimental study of the structure of complex compounds is difficult and a not always solvable task in attempts to explain the processes occurring in molten salts. [7] [8] [9] There are a number of approaches providing an opportunity to consider the structure of complex groups and to explore the interaction processes of the substances in molten salts. The study of the melts structure can be performed on quenched melt samples. 7 Moreover, at room temperature, Raman data of solid samples may not take into account the destruction of individual components during the melting of the sample, as well as instability of the particles at high temperature. The study of the structure of melts, 8, 10 including alkali halides, 9 can be realized in situ at high temperatures. A Raman spectroscopy study of molten salts gives a sufficiently clear idea regarding the structure of complexes. However, there are some limitations for applying this approach to halide molten salts. The concentrations of the complex groups should be significant for registration of vibrational bands with a high spectral peak. A substantial uncertainty may arise when studying melts with a low concentration of complexes. The evaporation of molten salts makes it difficult to record the scattered radiation. A condensation of the melt vapors on the cold parts of the experimental installation can cause damage to the equipment.
The DFT-based calculations can be applied for determining the structures of complex groups and evaluating interactions in melts. 11 This method is widely used for studying the structure and interaction in the low-temperature systems. 12 The DFT calculations were in a good agreement with results obtained for rapidly frozen samples of high-temperature silicate systems. 3 Based on the calculations, ________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2019 SCS.
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it is possible to conceptualize the structure of molten salts. 1 An advantage of the simulation approach is a possibility of studying the structure and stability of complexes of molten alkali halides with complicated compositions in a certain temperature range. The data obtained by simulation can significantly complete the experimental results. Nevertheless, the conclusions of such calculations should be verified by experiment. Ionic melts of alkali halides based on KF-KCl containing K 2 SiF 6 and SiO 2 are quite widespread in electrochemical processes for silicon production. They are well studied by the direct method (in situ) of the Raman spectroscopy. The high-temperature Raman spectra of KF−KCl−K 2 SiF 6 and KF−KCl−K 2 SiF 6 −SiO 2 melts were obtained in literature, 9 where the process of the silicon oxide dissolution was considered. 3 -were revealed to be formed in KF−KCl−K 2 SiF 6 −SiO 2 melts. These data can be specified using DFT calculations. A comparison of the calculated data with the experiment 9 verifies the proposed model. The previous experimental studies 9 allowed the determination of the mechanism of SiO 2 dissolution in KF-KCl-K 2 SiF 6 melts. It is accompanied by the formation of isolated silicate tetrahedrons, silicon oxyfluoride groups, and gaseous silicon tetrafluoride. The thermal gravimetry method determined that the addition of SiO 2 to a KF-KCl-K 2 SiF 6 melt leads to increased mass loss at temperatures higher than the melting point of the mixture. The mass spectrometry method detected that the mass loss occurred due to SiF 4 formation.
The purpose of this work was to investigate the structure of the complexes in KF−KCl−K 2 SiF 6 and KF−KCl−K 2 SiF 6 −SiO 2 molten systems applying DFT calculations and to reveal the effect of the temperature change on the stability of silicon complexes.
COMPUTATION AND MATERIALS
Molten salts possess ionic conductivity. The structural units of molten salts are ions, and the ionic complexes are in constant electrostatic interaction.
Theoretical background
The energy properties of the silicon complexes were investigated by performing the generalized gradient approximation (GGA) within the framework of the density functional theory. 13 The GGA was used to calculate the exchange-correlation potential, which in this case is represented as a function of density and its first derivative. The PBE functional developed based on the rational expansion function of the reduced gradient was used. 14 This functionality does not contain empirically optimized parameters and allows the accurate calculation of the energy characteristics of the investigated complexes. 14, 15 The standard procedure for the decomposition of the orbitals in a basis was used. Plane waves were chosen as the basis.
Materials
In this work, the stability of the silicon complexes formed in KF-KCl-K 2 SiF 6 and KF--KCl-K 2 SiF 6 -SiO 2 melts, was studied using the quantum mechanics method, implemented in 1132 VOROB'EV et al.
the Siesta software package. 12 The calculations were performed for the silicon complexes: fluoride (SiF x , where the integer x = 4-7), oxyfluoride (SiO 3 F, SiO 2 F 2 , SiOF 3 ), and oxide SiO x and Si 2 O y (where x = 2-4; y = 4-7). The effect of a whole number of potassium ions (from 1 to 3) on the structure of the complexes as part of the second coordination sphere was investigated.
The geometric optimization with the use of the generalized gradient approximation in the form of PBE was performed for all considered complexes. The dynamic relaxation of atoms was performed until the change in the total energy of the system was less than 0.001 eV. The energy of cutting the plane waves basis was assumed equal to 300 Ry.
The thermal stability of the silicon complexes was studied in a Nose-Hoover thermostat after geometric optimization. The silicon complexes were placed in the thermostat and sustained at temperatures of 923, 1023, 1043, and 1073 K during 2000 time steps (one step -1 fs).
The bond energies in the silicon complexes were calculated using the equation:
where E SiOF , E Si , E F and E O are the total energy of the complex, and the energies of a single silicon ion (Si 4+ ), fluorine (F -) and oxygen (O 2-), respectively, and N Si , N F and N O are the amount of the silicon ions, fluorine and oxygen in the system, respectively.
RESULTS AND DISCUSSION
The KF−KCl−K 2 SiF 6 and KF−KCl−K 2 SiF 6 −SiO 2 melts are essentially different because one of them includes an oxygen-containing SiO 2 compound. Silicon dioxide is a covalently bonded compound. Thus, there are only compounds with an ionic bond type in the KF−KCl−K 2 SiF 6 system. The KF−KCl--K 2 SiF 6 −SiO 2 system includes components with ionic and covalent bond types. In practice, in the presented systems, the different types of the electrode deposits and various types of complexes were found in an experimental investigation. 9 When studying the bond energies in the complexes, the principle expressed by Eq. (1) was applied. According to Eq. (1), the bond energy is equivalent to the energy required to divide the entire system into separate parts. A compound can be stable if the total potential energy of its parts is negative. The most preferred is the state with the most negative energy.
The silicon complexes in KF-KCl-K 2 SiF 6
DFT calculations were accomplished of the bond energy for the silicon complexes of the various structures that can be formed in KF-KCl-K 2 SiF 6 melts. with the addition of two potassium cations to the second coordination sphere is shown in Fig. 1 . (Fig. 1b) For both types of complexes, when K + is present, there is a change in the bond lengths and angles. Such a change in the bond lengths may be caused by a temperature alteration. The F-K-F bond angle is close to 60° with a deviation of ±2°. However, if the potassium is added to the second coordination sphere of the [SiF 7 ] 3-complex, the compound is stabilized by the formation of F-K-F bonds, with an angle that ranges from 130 to 140°, and the K-F bond length is approximately 2.3 Å. The broadening of the vibrational bands for silicon complexes in the Raman spectra was associated with changes in the angles between the bonds and the lengths of the bonds. 9 The [SiF 6 ] 2-and [SiF 7 ] 3-complexes were tested for the thermal stability in the Nose-Hoover thermostat. The results are presented in Table II . groups, which was reflected in the spectra at 988 and 1043 K. Moreover, the presence of K 3 SiF 7 was determined only in the solid sample by means of X-ray phase analysis. 9 The data proves that as the temperature increases, the bond length in the [SiF 6 ] 2-complex rises, while the bond energy experiences vibrations. Checking the temperature stability did not lead to a change in bond angles. However, the vibrational bands for the silicon complexes of the [SiO 2 F 2 ] 2-type were not registered. 9 The processes of the interaction between SiO 2 and KF−KCl−K 2 SiF 6 in the molten media can be specified based on the data of quantum chemical reports. Such studies will allow conclusions related to the possibility of the existence and stability of the silicon oxide-fluoride complexes to be drawn. In this work, the results for oxyfluoride and silicate complexes of silicon are presented. The results of the structure calculation reveal (Fig. 4c) (Fig. 4a, b and d respectively) , hardening of the compound occurs (data in Table III ).
The addition of K + to the environment of the considered complexes (Table  III) 21 during the cathode process when studying the mechanism of the silicon electroreduction in KF−KCl−K 2 SiF 6 melts, which was assigned to SiO 2 dissolution. 
In general, this was confirmed by DSC data of the KF-KCl-K 2 SiF 6 -SiO 2 melt presented in the literature. 9 It was found that intensive SiF 4 gas evaporation from the melt began, accompanied by a mass loss, after reaching 1033 K. The research results revealed that in the molten KF-KCl-K 2 SiF 6 -SiO 2 Consequently, an increase in the complexes size should be expressed in a rise of diffusion difficulties. An increase in the diffusion difficulties with the appearance of oxygen in the KF-KCl-K 2 SiF 6 melt was reported in the literature. 20 In general, the obtained data are in a good agreement with results in the literature 9 and supplement them in terms of the cause of the thermal instability of KF-KCl-K 2 SiF 6 -SiO 2 melts at temperature above 1033 K. 
CONCLUSIONS
The structures of complexes in the KF-KCl-K 2 SiF 6 and KF-KCl-K 2 SiF 6 --SiO 2 systems was studied using DFT calculations; an effect of temperature change on the stability of the silicon complexes was found. The bond energies of the silicon complexes were calculated and their structure was considered. It was established that the appearance of fluorine in the composition of silicon oxide complexes leads to a decrease in the bond energy. Increasing the fluorine content in the series [SiO 3 The obtained data of DFT calculations are in a good agreement with the experimental study of the KF-KCl-K 2 SiF 6 and KF-KCl-K 2 SiF 6 -SiO 2 melts. Such a calculation method in addition to experiment can be used to estimate the stability of the structural units of a melt. The basis for the modeling can be the data related to the structure of both solid and liquid samples. The understanding of the temperature effect on the stability of the structures allows the transformations associated with the reconstruction of the complexes to be taken into account.
